+ channel remodeling provides a critical substrate for generation of reentrant arrhythmias in border zones of the infarcted canine heart. Recent studies show that Nav1.5 cytoskeletal-and endosomal-based membrane trafficking and function are linked to tubulin, microtubular (MT) networks, and Eps15 homology domain containing proteins like EHD4. Aim: Our objective is to understand the relation of tubulin and EHD4 to Na v 1.5 channel protein remodeling observed in border zone cells (IZs) when arrhythmias are known to occur; that is, 3-h, 48-h and 5-day post coronary occlusion. Materials methods findings: Our voltage clamp and immunostaining data show that I Na density is decreased in the epicardial border zone cells of the 48 h infarcted heart (IZ 48h ). Immunostaining studies reveal that in post MI cells the cell surface staining of Na v 1.5 was reduced and Na v 1.5 distribution changed. However, intense costaining of Na v 1.5 and tubulin occurs in core planes and the perinuclear areas in post MI cells. At the same time, there were marked changes in the subcellular location of the EHD4 protein. EHD4 is co-localized with tubulin protein in discrete intracellular "highway" structures. Significance: The distribution and expression of the three proteins are altered dynamically in post MI cells. In sum, our work illustrates the spatiotemporal complexity of remodeling mechanisms in the post-infarct myocyte. It will be important in future experiments to further explore direct links between MT, EHD proteins, and cell proteins involved in forward trafficking.
Introduction
After myocardial infarction, many ion channels of both the Purkinje and ventricular cells begin the process of remodeling [19] . Unlike Na + channels in cells from the failing heart, both the form and function of the cardiac Na + channel begin to remodel within hours of the occlusion of an artery [21] . In our large animal model, this may occur as early at 3 h post occlusion. Very importantly, this Na + channel cell remodeling provides a critical substrate for generation of reentrant arrhythmias in border zones of the infarcted canine heart [9] . Previous studies have shown the origins of arrhythmic events come from the subendocardial Purkinje and epicardial border zone myocytes. In previous work we have defined the distribution of Nav1.5 proteins and one interacting protein e.g. ankyrin G (AnkG) [12] . While we showed loss of Nav1.5 proteins, we noted no change or increase in AnkG in cells isolated from both the subendocardial Purkinje layer and the epicardial border zone. This finding was in contrast to what we had hypothesized. Ankyrin-G is not decreased but rather increased and resides under the cell membrane and intercalated discs in cells that survive in infarct border zones. While there is an obvious reserve of Na + channels in the heart, optimal function will depend on their location and stabilization by ankyrin-G. If Na + channels are like connexin proteins where anterograde trafficking is by a targeted delivery system [5] , then it is assumed that newly translated Na + channel proteins would be targeted directly to specific locales in the cell surface membrane. Shaw suggests that packets of channels (in his case Connexins) travel along a microtubulebased transport system [5] . After microtubules anchor at a specific protein to deliver the newly formed packets of channels (for Na channel proteins this may be AnkG [16] ), "new" Na channels are inserted and function restored.
Na v 1.5 protein (NacH) expression is significantly reduced in cells from the canine epicardial border zone (EBZ) 5 days post myocardial infarction (IZs) [3, 12] . Functionally, sodium current density is decreased and channel function is altered in IZs. It is not known at this time whether the fundamental proteins of the forward trafficking path are preserved in cells that survive in the infarcted heart such that the Na + channel process of movement and relocation to cells surface/IDs can continue. Some have shown that by polymerizing tubulin, Na v 1.5 protein expression decreases on cell membranes, reducing Na v 1.5 current amplitude and modifying gating leading to cardiac arrhythmia [8] . This study implies that the polymerized tubulin might directly modify Na v 1.5 channel expression and function. Others have shown that correct microtubule function is critical for specific phosphorylation dependent regulation of the Na + channel [13] .
Recently we discovered that Eps15 homology domain containing proteins serve critical roles in membrane trafficking [10, 14] . Additionally, we determined that one isoform, EHD4, is differentially regulated in ventricular cells isolated from the epicardial border zone (IZ) of the post MI heart. EHD4 expression showed a significant increase in IZ cells by day 5 post-MI [14] . Moreover, this upregulation was rapid and reversible. However, the time course of change and the subcellular locale of the EHD4 protein remain unknown. The aim of this study is to understand the relation of tubulin, microtubular (MT) networks, and EHD4 to Na v 1.5 channel protein remodeling observed in IZs. From colocalization studies, we show that in post MI cells EHD4 is co-localized with tubulin protein in discrete intracellular structures.
Methods
This investigation was conducted in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animal of the National Institutes of Health (Publication No. 85-23, 1996) . The protocol for all animal procedures was approved by the Institutional Animal Care and Use Committee of Columbia University (Permit Number: AAAH8905).
Healthy mongrel male dogs (24 to 26 kg, 2 to 3 years old) were used in these studies. Under isoflurane anesthesia (30 mg/kg) and sterile conditions, myocardial infarction was produced by a 2-step total occlusion of the left coronary artery using the Harris procedure [15] . The dogs were treated with lidocaine (2 mg/kg IV) if multiple ventricular beats occurred during the surgical procedure. Either 3 h, two or five days after the MI surgery, the animal was euthanized using 5-15 mg/kg IV propofol anesthesia; then a cardiectomy was performed.
Myocyte preparation
Single Ca 2+ -tolerant ventricular cells were enzymatically dispersed from the epicardium sections with the use of a slight modification of our previously described method [1, 3, 17] . With this procedure, the viable cell yield was 30-40%. Two or three groups of cells were studied. One group was cells dispersed from control non-infarcted epicardium (NZs) and the others comprised the cells dispersed from the epicardial border zone (IZs) and non-infarcted zone (Remote, Rem) of the 3 h, 48 h and 5-day infarcted heart. Rem cells were always dispersed from infarcted hearts, while control NZ cells were made from same location but in naïve hearts in separate experiments on different days. In some experiments we used Rem images to compare with IZ/IZPC images, and in some experiments we used NZ/NZPC images to compare with IZ/IZPC. Both Rem and NZ/NZPC were used as Control and labelled as such. Single Purkinje cells were also enzymatically dispersed from the subendocardial Purkinje network of the normal left ventricle (NZPCs) and 3 h (IZPC 3h ), 48 h (IZPC 48h ) post myocardial infarction [6] . See table for list of Abbreviations used.
Protocol for staining canine ventricular myocytes and Purkinje cells
Freshly-isolated canine ventricular myocytes or Purkinje cells were seeded onto laminin-coated chamber slides. The cells were fixed for 15 min with 4% paraformaldehyde in PBS, and then permeabilized with 0.7% Triton X-100 in PBS for 20 min. The fixed and permeabilized cells were incubated with 10% normal goat serum for 30 min to block nonspecific binding. The primary antibodies were diluted in PBS containing 10% goat serum and incubated with cells overnight at 4°C. The cells were then incubated with the secondary antibodies for 1.5 h at RT. Alexa Fluor 488-or 596-conjugated goat anti-rabbit or -mouse IgG or IgM (1:400, Molecular Probes) were used based on the primary antibodies. For negative control, the cells were treated without the primary antibodies (data not shown). The coverslip was mounted on the slide with aqueous mounting gel (Biomeda Corp, Foster City, CA).
Imaging
Confocal image stacks were captured with a Red: Nikon A1 Confocal microscope, using NIS-Elements image capture and analysis software and a TIRP super-resolution 100×/1.45 Oil Nikon objective. Images were acquired in 1024 × 1024: laser-line1 (FITC) with an excitation wavelength λexc = 488 nm, and laser-line2 (TXRED) with an excitation λexc = 561 nm. Visualization control (LUTs) was used to avoid pixel saturation. Capture of a Z-series was used to decide top and bottom steps of a cell. In this way the surface slice (one step just below top of cell) and core slice (slice at level of nucleus) were defined.
Step size (distance between slices) is 0.5 or 0.8 μm. Total slices per image varied since this depended on cell type.
Analysis of images
Quantifications were completed on single slice image of interest. In general one surface and one core slice were measured from each cell. The entire cell of the chosen slice was chosen as the ROI. Pearson coefficients were determined for images of interest. Colocalization analysis (Image J) was then performed by calculating % Image volume colocalized. This is the percentage of voxels which have both channel 1 (green) and channel 2 (red) intensities above threshold, expressed as a percentage of the total number of pixels in the image (including zerozero pixels); in other words, the value of % yellow pixels in the yellow area was taken for analyses. The same threshold was set for non-infarcted and infarcted cells.
Antibodies
The antibodies used in this study include affinity-purified rabbit anti-Nav1.5 (Ig directed against peptide of DI-DII cytoplasmic loop; 1:250) [18] , rabbit anti-EHD4 (1:500) and mouse anti-alpha-beta Tubulin (1:100, ThermoFisher). The immunogen for alpha-beta tubulin dimer antibody is microtubule proteins from porcine brain. Anti-rabbit IgG secondary antibody was used for the primary antibodies Nav1.5 and EHD4. Anti-mouse secondary antibody was used for the primary antibody alpha-beta tubulin.
Cell electrophysiology
Whole-cell I Na was recorded using patch-clamp techniques as in [3] . Voltage-clamp experiments were performed with an Axopatch 200A clamp amplifier (Axon Instruments). For consideration of the voltage control, we used solutions containing reduced extracellular Na concentration, a maintained temperature of 19 ± 0.5°C, and patch pipettes with resistances < 1.0 MΩ. The external recording solution (mM) contained 3 NaCl, 1. 
Statistics
All values are represented as mean ± SEM. A value of P < 0.05 was considered statistically significant. For a two-sample comparison, an unpaired t-test was used to compare a single mean value between the two-independent cell group.
Results

Peak I Na in cells from the infarcted heart
As we have previously reported [12] Nav1.5 expression was significantly decreased in cell lysates made from epicardial border zone sections from 48 h and 5d infarcts. Concomitantly, this was accompanied by a decrease in peak I Na in EBZ cells from the 48 h heart (IZ48) (Fig. 1) . This is consistent with our previous work using EBZ cells from the 5 day infarcted heart [3] .
Nav1.5 protein is disordered in IZ 48
From core and surface plane images of cells from normal non-infarcted cells (NZs, n = 8) as well as cells Remote from the Infarct (Rem) (data not shown), we observed an intracellular lattice pattern of Nav1.5 protein localization that is transverse and longitudinal on NZ surface (Fig. 2, upper) and core (not shown) slices. In contrast, Nav1.5 protein distribution in a typical IZ48 (n = 7) is altered (Fig. 2, lower) . While the surface plane shows Nav1.5 in a punctate latticed pattern as in NZs, the IZ surface image of Nav1.5 shows a dense punctate pattern but mostly in a longitudinal pattern. Surface edges appear to lack staining compared to NZ surface edges.
Status of microtubules in cells from the infarcted heart
Previous work in mice has suggested that microtubule (MT) dynamics are severely disrupted in cells isolated from 48 to 72 h post MI murine hearts [11] . Fig. 3A shows that in the Rem myocyte, MTs display a lattice pattern with some oriented in the longitudinal direction while others in the transverse direction (see enlarged area, 3Aiv). Notably there is also a thin layer of MTs encircling the nucleus (perinuclear; Fig. 3Ai, asterisk) . In control subendocardial Purkinje cells (NZPCs), the MT network is composed mostly of MTs that run longitudinally and apparently connect to the intercalated disc (ID) region.
As early as 3 h post MI, IZ cells begin to show alterations in the MT network. In surface planes, while discrete MT structures are observed in NZ/Rems, in IZs these patterns are distorted and MTs appear engorged, appearing to contain more than the normal amount of inclusions. Furthermore, in IZ core planes, MTs have thickened considerably around the nuclear (N) and perinuclear (PN) structures (Fig. 3Bii, asterisk) . In IZ 48h cells some MT densification and aggregation (solid arrow Fig. 3Bii ) is observed. In IZ 5d where significant Na + channel functional remodeling also exists [3] , intense densification has occurred in both surface and core planes (Fig. 4, for example asterisk) . Enlarged images show that in cells from the infarct any surviving MTs can lead to the ends of the cell presumably where gap area structures exist (Fig. 4 , circles) and the cell surface. Transverse MTs are less apparent.
EHD4 in nonstressed NZs and stressed cells of the post MI heart
In NZs (and Rem), EHD4 protein is distributed in a distinct puncta pattern (surface plane, green) as well as in the perinuclear (PN) area (core plane) (Fig. 5) . Presumably this is where EHD4 is bound to specific PIP2 (Phosphatidylinositol 4,5-bisphosphate) areas in cell membrane [4] .
Localization studies of EHD4 (green) with tubulin (red) (Fig. 5) show that distribution and expression of the two proteins are altered dynamically in cells from the infarcted heart. In Rem, EHD4 and tubulin are highly co-localized in surface and core confocal planes (Fig. 5B , 
B.
A. * * * * * * * * * Fig. 1 . Family of tracings of I Na in NZs and IZ 48h . Panel B, the I Na density-voltage relationships. I Na s were elicited from a V H of −100 mV to various levels of V t (−65 to +10 mV, 100 ms duration).
Currents were filtered at 10 kHz, digitized at the sampling interval 0.1 ms. Whole-cell I Na was obtained by subtracting the traces elicited with comparable voltage steps containing no current (using prepulse or manipulating the V H to inactivate the Na + channels) from the raw current traces. In this way, the cell capacitance and linear leakage were subtracted. Series resistance compensation completed. The cell capacitance was 194.10 ± 24.92 pF in NZs and 191.50 ± 13.33 pF in IZ 48h . The calibration bar is inserted.
upper). In IZs and IZPCs, tubulin structures provide the intracellular pathways for EHD4 (Fig. 5B lower) . By 5 days post MI, cellular EHD4 has increased not only in PN locale (arrow core plane) but also in subsurface structures that are longitudinally oriented (Fig. 5, arrow) . Note that the apparently engorged MTs contain clusters of EHD4 protein. Pearson's Coefficients (CoLoc) were determined for comparison of EHD4/tubulin images of various cell types; Rem5d Core slices, 0.788 ± 0.01; IZ5d 0.814 ± 0.016. Rem5d Surface slices 0.756 ± 0.02; 0.824 ± 0.005 (n = 5). Rem48h Core slices, 0.811 ± 0.01; IZ48h 0.776 ± 0.018; Rem48h Surface slices 0.783 ± 0.02; IZ48h 0.776 ± 0.018 (n = 8). Rem3hr Core slices, 0.812 ± 0.01 IZ3hr 0.738 ± 0.05, Rem3hr Surface slices 0.732 ± 0.01, IZ3hr 0.750 ± 0.040 (n = 5). The percent colocalization area of these two proteins increased with time following the infarct (P < 0.05; Fig. 5C ). When portions of an IZ and an IZPC were enlarged, clear colocalization of tubulin and EHD4 is observed in structures running the length of the cell (yellow denotes colocalization) (Fig. 6) .
Galleries of sequential images of two different IZPCs from two different hearts post coronary occlusion show that changes in EHD4/tubulin location depend on time after coronary artery occlusion (Fig. 7) . At 3 h post-occlusion, the accumulation of EHD4 (green) is observed just below surface (Fig. 7 left upper, i-iii) . Tubulin (red) is predominately longitudinally-oriented except for multiple circular layers around nucleus (Fig. 7, lower, iv) . Tubular nuclear septa (red) are thin and do not co-localize with EHD4. However, aggregates of EHD4 are seen inside the nucleus (marker indicates 0.5 μm size).
At 48 h, MTs encircling the nucleus have intensified with several nuclear invaginations now more apparent (Fig. 7, right, lower) . A large well-formed aggregate of EHD4 (~2 μm) is within the nucleus.
Nav1.5 and tubulin labeling
The question that remains is does the remodeled MT network in cells from the infarcted heart also provide pathways for Nav1.5 protein as the cells remodel? Fig. 8A shows that Nav1.5 (green) and MTs (red) co-localize in both NZ (left) and the IZ48hr (right). Colocalization occurs in surface planes which illustrate the widen MT pathways in the IZ (Fig. 8A, lower) . Intense co-labeling also occurs in core planes in the perinuclear areas. Areas of colocalization appear stronger in IZs particularly in core planes (Fig. 8B) . Thus as suggested by Casini et al. [8] for anterograde Nav1.5 membrane expression, a MT based pathway is probably involved in the remodeled IZ/IZPC as early as 48 h post occlusion. 
Discussion
Here we report that in cells (IZs, IZPCs) that survive in the border zones of the canine infarcted heart, MT growth that normally occurs directionally, appears to lack the needed cues for direction. In IZs, MTs are disrupted in the transverse direction but some appear to survive along the longitudinal axis of cell. In addition, we noted intense densification of MTs around nuclei. In elegant MT dynamic studies, Drum et al. [11] noted such in murine cells 48-72 h post occlusion, and these findings are similar to their findings using oxidative stress (H2O2). 
IZ 5d IZPC 3h
10 µm 10 µm Fig. 6 . Co-staining of EHD4 (green) and tubulin (red) in the cell surface region of IZ 5d (left) and IZPC 3h (right). Note that co-staining spots (yellow) along the tubulin structures arrive at ends of cell, suggesting that tubulin structures appear to provide the subcellular pathways for movement of EHD4 very early after an MI. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Notably, they attributed the change in MT network in infarct cells to altered growth and shrinkage. Our studies complement this prior work, but since we did not assess the molecular movement of MTs here, only the location of the MT networks with time after the infarct was defined. Importantly, we found marked changes in the cellular location of the EHD4 protein in IZ cells post coronary occlusion. This again is consistent with the marked oxidative stress on IZs of the epicardial border zone since oxidative stress alone is known to release EHD4 proteins from their non-stressed cellular distribution [7] . In fact, EHD4 protein location change is prominent in IZPCs as early as 3 h post occlusion. It is known that the N terminus of an EHD protein inserts into the cell membrane/PIP2 [4] . This normal unstressed location is observed in this study as a lattice pattern of localization in EHD4 images of NZs or Rem cells (Fig. 5) .
With stress of the coronary occlusion, cell surface EHD4 protein adapts (Fig. 7, IZPC3hr ) with small orbs of EHD4 observed within the nucleus (Fig. 7iv, left) . Later, as the infarct process continues, the nucleus can contain larger and denser accumulations of EHD4 staining (Fig. 7iv, right) . In these IZPCs, nuclear EHD4 protein has obviously failed to remain bound to PIP2/surface membranes but most likely has exposed its helical tips that contain the nuclear localization sequences [4] . Similar to that shown for EHD2 [20] , it is possible that cells from the infarcted heart show EHD4 in nucleus so it is ready to impact transcription. The nature of the EHD4-transcription mechanism is beyond the scope of this study.
Not all EHD4 in IZs is localized to the nucleus. In fact, its distribution remains relatively organized in the surface planes of both IZs and IZPCs. From the co-localization studies with tubulin, minor populations of EHD4 protein (ranging from 10% to 28%) align in "highways" [5] formed by the MT network (Fig. 6) . Thus, after EHD4 is released from its "normal" subcellular binding sites, we suggest that in IZs, there appear to be changes in EHD4 cell locale for at least two functions. First, EHD4 enters the nucleus perhaps for transcriptional control of ion channel proteins (e.g. Nav1.5). In addition, it has entered the MT network for a future endocytic role. Similar to EHD4 results, surface planes of IZs showed increased colocalization of Nav1.5 protein in the MT networks (Fig. 8) . But the percent of colocalization of two proteins did not reach significance. However, the colocalization of EHD4/Nav1.5 increased in core planes of IZs of differing ages. This is consistent with the enhanced colocalization of Nav1.5/MT in perinuclear regions seen in core plane images.
Limitations
This study employed immunostaining and confocal microscopy to visualize locations of specific proteins in cells post MI. While patterning of Nav1.5 appeared to be altered in surface image of IZs, we illustrated only one area of this patterning ( Fig. 2 and inset) . These data report a change in subcellular locale. Use of a scope with higher, "super" resolution would allow us to assess whether the known clustering of Nav1.5 [2] is maintained post MI and/or whether the cytoskeleton is altered such that Nav1.5 channel populations appear closer together. Nevertheless, with our costaining of tubulin and Nav1.5 channel proteins, we observe a clear overlap of immunosignals in tubular pathways of surface planes (Fig. 8A) . Second, fixation of our many different types of cells was completed using paraformaldehyde. This fixative is slow relative to another (i.e. Ice-cold methanol) and some MT disassembly may have occurred in both NZs and IZs. We used the same fixation procedures for all cells therefore cells are studied under similar conditions. In the absence of a nuclear stain, we consistently used anatomic markers to assign a nucleus location. This became important when we unexpectedly found EHD4 particles inside the nucleus (Fig. 7) . However, the understanding of more details of this EHD4 location and the reason why EHD4 is there will be left for a nuclear study. Lastly, directionality of MTs was discussed based on the MT orientation within the cell (e.g. traveling from one cell end to the other cell end was taken as "longitudinal" much like conduction velocity descriptions). However, no confirmation of precise MT orientation was completed to assess the presence or absence of markers needed for this process such as EB1 protein [5] . This is ongoing. In summary, our work illustrates the spatiotemporal complexity of remodeling mechanisms in the post-infarct myocyte. Our findings support a coordinated process that involves both cytoskeletal-and endosome-based pathways that ultimately impact the membrane distribution of key proteins involved in cellular excitability, including Nav1.5. It will be important in future experiments to further explore direct links between MT, EHD proteins, and membrane proteins including Nav1.5. myocytes from the 5-day infarcted heart Rem myocytes from non-infarcted zone NZPCs subendocardial Purkinje cells from non-infarcted heart IZPCs subendocardial Purkinje cells from the infarcted heart IZPC 3h subendocardial Purkinje cells from the infarcted heart 3 h post occlusion IZPC 48h subendocardial Purkinje cells from 48-h infarcted heart PN perinuclear ID intercalated disc
